Abstract-The increasing adoption of domestic-scale photovoltaic (PV) systems in the UK is likely to bring significant technical voltage rise issues in low voltage (LV) networks. This work investigates the techno-economic benefits from using onload tap changers (OLTC)-fitted transformers to cope with high penetrations of PV. Two voltage regulation approaches are considered: local (busbar) and remote (furthest point). Results are contrasted with traditional network reinforcements. High resolution profiles for residential load and PV systems are used on a real UK LV network. The findings show that the OLTCfitted transformer increases the hosting capacity of the network. The remote approach combined with adequate OLTC design performs better than the local one but the former is only needed for high penetration levels (from 70%). Finally, it is shown that the reinforcement alternative is more cost-effective for smaller penetration levels (up to 60%) in the network studied and for current prices.
INTRODUCTION
Nowadays there is a large consensus about the necessity of decreasing the carbon emissions in our society [1] . One alternative to face that challenge is to increase the use of domestic-scale low carbon technologies (e.g., photovoltaic systems, electric heat pumps, electric vehicles, micro combine heat and power, etc.). However, the adoption of these technologies might lead to some problems in low voltage (LV) distribution networks. For example, photovoltaic (PV) systems can produce voltage rise, increase energy losses, produce higher harmonic content, etc. [2] .
Typically, voltages at medium voltage (MV) networks (33, 11, and 6.6kV in the UK) are managed by using On-Load Tap Changers (OLTC). LV networks (0.4kV), however, have no voltage regulation means as they simply use off-load tap changing transformers. In this work, the applicability of OLTC technology to LV distribution networks is analyzed. Although a number of studies in the literature consider the potential coordinated control of OLTC-fitted transformers, these are mainly focused on MV networks. In [3] , the optimal coordination of reactive power from PV systems and the OLTC is presented to minimize tap operations. This approach was further developed in [4] using a heuristic process and also incorporating voltage regulators, shunt capacitors, shunt reactors and static VAR compensators. A similar problem is also solved in [5] but using nonlinear programming tools. All these works, however, rather than adequately modelling the time-series operational aspects of the network elements involved, adopt a day-ahead schedule based on the perfect forecast of loads and generation.
References [6] and [7] investigate the use of OLTC-fitted transformers in LV networks. In both cases, the OLTC is studied adopting a remote control strategy in coordination with the decentralized reactive power control of PV systems without considering any uncertainty. Additionally, [7] shows the economic evaluation of the alternatives presented. Nonetheless, in these two cases, the networks implemented consider PV residential three-phase connections as it is mainly in the German case. Hence, the results presented cannot be extrapolated to networks with single-phase connections (such as in the UK) where the imbalance level can be significant. This paper assesses the benefits of using OLTC-fitted transformers in LV networks to increase the penetration of domestic-scale PV systems. A probabilistic approach is used to cope with the uncertainty of LV networks (size and location of the PV system, behavior of the loads, sun irradiance profile). Two voltage regulation approaches are considered: local (fixed voltage target at the busbar) and remote (fixed voltage target at the furthest point). The latter is investigated considering the most adequate OLTC design. To compare the OLTC cost with the network reinforcement cost -business as usual alternative for distribution network operators (DNOs) -a reinforcement algorithm is also proposed and implemented.
The rest of the paper is structured as follows: section II describes the LV network model, load/generation profiles used and the case studies. The results for the case studies (without and with OLTC) are presented in section III. Section IV presents the economic assessment of OLTC adoption by comparing it with the network reinforcement cost. Finally, the main conclusions are drawn in section V.
II. LV NETWORK MODELLING
The network under analysis, the load/generation profiles developed and the definition of the case studies are presented in this section. 
A. LV Network Model and Profiles
To analyse the benefits of using OLTC-fitted transformers, a real UK LV network is modelled. This network has 6 feeders (three phase), 351 loads (single phase) and 9.2 km of total length (including the service cables). Fig. 1 shows each feeder in a different colour and the MV/LV substation as a red triangle. The real topology, conductor characteristics, customer locations and phase connection are considered. Table 1 shows the main characteristics in each feeder.
For the analysis carried out in this paper, the creation of residential and PV profiles is needed. The individual load residential profiles are created by using the tool presented in [8] . This tool creates time-series profiles based on the domestic behaviour of British costumers; it takes into account the number of people at home, the type of day, the month, and the uses of the appliances [8] . The PV profiles are elaborated taking into account real sun radiation data for the North West of England (Whitworth Meteorological Observatory at The University of Manchester) and the actual distribution of PV sizes in UK [9] .
B. Case Studies
Two cases are explored using this LV network: base case (transformer with off-load tap changer) and with an OLTCfitted transformer. For the latter, two types of voltage regulation are implemented: local and remote. The local one regulates the voltages at the transformer busbar to achieve a given fixed target. The remote does the same but for furthest point in the network and also considers the most adequate OLTC design. To compare the economic viability of OLTCfitted transformers in LV distribution networks, the cost required by the business as usual network reinforcement is also calculated for the case without OLTC. In this section, the potential technical impacts of different PV penetrations in a business as usual environment, i.e., offload tap changer-fitted transformers, are presented. The corresponding methodology and metrics to assess these impacts on LV networks are also explained.
A. Methodology
The procedure to assess the impacts of PV on LV distribution networks is based on the Probabilistic Impact Assessment Methodology presented in [10] . The main difference in this case is the simulation of the entire network at the same time in comparison with the feeder by feeder approach implemented in [10] . This adaptation is relevant as it allows assessing the impacts of different busbar voltages on feeders supplied by the same transformer.
The process consists in the random allocation of load and PV profiles through the network in order to deal with the uncertainties related to behaviour and location. This process is carried out for a given penetration level, from 0 to 100%, and repeated one hundred times. For the analysis presented in this work, the penetration level is assumed to be the same in each feeder for a given simulation. For example, 10% of penetration level means that 10% of the houses in each feeder have PV systems. It is worth mentioning that in each simulation the same random sun irradiance selected is considered for every house. To assess the impacts, the voltage and thermal rating problems are determined. The percentage of customers with voltage problems according to the BS EN 50160 [12] and the utilization level (thermal loading calculated on hourly basis) of the head of each feeder are determined for each simulation at each penetration level.
B. Results
Due to the hundred simulations carried out per penetration level, it is possible to present the average value +/-one standard deviation for the voltage and thermal problems. Fig.  2 presents the percentage of customers with voltage problems per penetration level. It can be seen that in average the problems start at 40% of penetration level. Feeders 4, 5 and 6 are not presented in this figure because they do not face any voltage problem for any penetration level. Fig. 3 presents the utilization level at the head of the feeders, showing always an average value lower than the rating capacity (100%). Figure 3 . Utilization level at the head of the feeder -base case Thus, the PV penetration in this particular network is limited by voltage issues (comparison between Fig. 2 and Fig.  3) , making attractive the use of OLTC-fitted transformer.
IV. CASE 2: OLTC ANALYSIS
The utilization of transformers with On Load Tap Changer (OLTC) enables varying the ratio between the corresponding primary and the secondary voltages for voltage regulation purposes. Traditionally, the MV/LV transformer cannot change the transformation ratio during operation (the OLTCfitted transformers are often used in higher voltages).
Depending on the location whose voltage is to be regulated, the strategy is classified into local and remote control. Both cases will be analysed in this section. The control cycle adopted for the OLTC is five minutes. To have a fair comparison with the base case, a probabilistic assessment is also developed. One hundred simulations per penetration level are carried out, simulating the daily operation of the OLTC-fitted transformer and calculating the percentage of customers with voltage problems according to the BS EN 50160 standard. The adopted OLTC is considered to be located at the transformer's primary and to have 9 tap positions (with 2% steps).
A. Local Voltage Regulation
In this regulation strategy, a fixed voltage target is set at the transformer busbar throughout the day. Given that this target is meant to alleviate voltage rise issues, it has been defined as the minimum voltage that does not produce any voltage drop problem in any of the feeders without PV (i.e., 0% of penetration level). For the network under study, this value is 235V (phase to neutral, 1.02p.u.) for one of the phases at the secondary of the transformer. The adopted regulation capability of the OLTC in this case is +/-8%.
The percentage of customers with voltage problems is presented in Fig. 4 . Issues are delayed from 40% of PV penetration in the base case (Fig. 2) to 60% of penetration level (Fig. 4) . Also, the magnitude of the problems decreased. For example, at 100% of penetration level in the base case, the average number of customers with voltage problems in feeder 3 is 46%. In contrast, in the OLTC case with local control, this value is reduced to 18%. 
B. Remote Voltage Regulation
In this regulation strategy, a fixed voltage target throughout the day is set at the furthest point in the network. This approach requires a communication system between the OLTC relay and the corresponding remote point whose voltage will be regulated (end point of the longest feeder in the network). This location is based on the fact that the installation of PV panels in the network will mostly affect those customers far from the substation. In addition, the voltage target has to be set such that there is enough headroom for PV generation. For the network under study, this value is 240V (phase to neutral, 1.04p.u.) for one of the phases at the furthest point of feeder 1.
To allow significant reverse power flows (i.e., high PV penetrations) whilst limiting the furthest point in the network to a certain value (in this case 240V), it is important to use an adequate OLTC design. Thus, instead of using a regulation capability of +/-8%, a range of +12/-4% is adopted in this work (still with 9 tap positions, 2% steps). This is based on the fact that a higher tap at the transformer's primary implies a lower voltage in the secondary and therefore can minimize the voltage rise produced by high PV penetrations. This design approach extracts the most benefits from the remote strategy.
Again, one hundred simulations per penetration level are carried out. penetration, having in average less than 0.6% of the customers with problems.
C. Discussion of Results
The voltage problems were delayed from 40% of PV penetration level in the base case to 60% in the case with OLTC and busbar voltage regulation. This was further shifted to 100% with remote voltage regulation and an adequate OLTC design. This implies that staged investments can be done in LV networks with progressive penetration of PV systems. Indeed, only the investment in the OLTC with local voltage regulation would be enough to increase the PV penetration level. Further installations of PV systems in the LV network can then trigger the need for the remote voltage regulation strategy and, therefore, the corresponding communications infrastructure. Consequently, the utilization of OLTC-fitted transformers significantly increases the PV hosting capacity of LV networks. To determine when the OLTC alternative is cost-effective, the next section presents an economic comparison between the OLTC cost and the network reinforcement.
V. ECONOMIC ASSESSMENT

A. Network Reinforcement
The traditional approach used by DNOs to face the challenges of load growth is to reinforce the network. This consists in the replacement of conductors for bigger ones to supply the load without violating the thermal ratings. This solution can also be implemented to solve voltage problems given that a bigger cable will have lower impedance and therefore will produce smaller voltage drop (or rise). Hence, this can be considered as one of the business as usual approaches to tackle the potential impacts of PV systems in LV networks. To assess this alternative, a reinforcement methodology is implemented in this work. This calculates the investment cost (investment + installation) required to enable a given PV penetration level. Thus, it is possible to determine the cost for each of the simulations carried out in the probabilistic assessment. The main steps in the reinforcement algorithm for each simulation per feeder are: This methodology only analyses the replacement of conductors along the main path. Because of this, in some simulations, the voltage problems might not be completely solved. To quantify this phenomenon, the percentage of customers with voltage problems after the reinforcement is also calculated (Fig. 6) . In almost every simulation, the network problems were solved. Only feeder 3, after the reinforcement algorithm, shows 4 customers with voltage issues in one of the simulations at 90% of penetration level (i.e., the average percentage of customers with voltage problems is lower than 0.05 in Fig. 6 ).
The installation plus investment cost used in this analysis corresponds to the average value presented in [12] for a UK DNO. This value is equal to 140£/m for the main cables and 80£/m for the service cables (urban areas). The reinforcement tool is applied for each simulation at each penetration level. Consequently, the total average reinforcement cost (aggregation of reinforcement feeder costs) +/-one standard deviation for each PV penetration level is determined and presented in Fig. 7 . There, it is possible to observe that the average network reinforcement cost (cables plus installation cost) at 100% penetration level is around £93,000.
B. Analysis of Results
The current investment cost (equipment plus installation) for a MV/LV OLTC is approximately £36,000 [13] . This represents 3 to 4 times the cost of a traditional MV/LV transformer. Moreover, the monitoring cost for one location (remote control) is about £4,000 [13] .
The cost of an OLTC-fitted transformer can be compared with the network reinforcement cost calculated previously. It is important to recall that no financial or load/generation growth considerations were taking into account in the simplified reinforcement algorithm developed; only the equipment plus installation cost required for one specific PV penetration level. Thus, the reinforcement cost presented is the cost required to ensure a given penetration level without considering future PV installations or load growth. By comparing this reinforcement cost (Fig. 7) with the base case (Fig. 2) and the two voltage regulation strategies with OLTC ( Fig. 4 and Fig. 5) , it is possible to observe:
1. For PV penetrations up to 60%, the network reinforcement is the cheapest option. In fact, for 40% and 50% of penetration level (the problems are solved with local control), the average reinforcement cost plus one standard deviation is lower than £36,000. For the 60% of penetration level (when the remote control is needed), the average cost plus one standard deviation is lower than £40,000 (OLTC with remote control).
2. The 70% of penetration level is a transition zone. In fact, there are some cases when the OLTC plus remote monitoring is cheaper than the reinforcement cost.
3. For PV penetrations above 70%, the reinforcement cost is more expensive than using an OLTC-fitted transformer with remote control. In this range, the OLTC solved all the problems for 80% and 90% of penetration level and for 100% of penetration level the problems were minimized to less than 1% in average.
These results indicate that if a DNO expects a lower penetration level in one particular network (e.g., physical constraints such as house orientation, available roof surface or socioeconomic limitations), the reinforcement of the network is cheaper than the OLTC-fitted transformer option. In contrast, if a DNO expects a higher PV penetration level or if they want to be prepared for 100% of PV penetration, then the OLTC is cheaper than the network reinforcement cost. Furthermore, if the DNO wants to be prepared for a 100% of PV penetration and this level is expected to be reached gradually, then the investment in remote monitoring and the incorporation of more sophisticated control algorithms for the OLTC can be done progressively with the further installations of PV systems.
VI. CONCLUSIONS
A techno-economic assessment of the potential benefits from using OLTC-fitted transformers to increase the PV hosting capacity of LV networks was presented in this paper. A probabilistic approach was used to cope with the uncertainty of LV networks (size and location of the PV, behaviour of the loads and sun irradiance). One hundred simulations were executed per penetration level (as percentage of houses and evenly distributed among feeders). In each simulation, the OLTC voltage regulation strategy considered a control cycle of 5 minutes and two cases: busbar and remote voltage regulation. The latter was investigated considering the most adequate OLTC design. Finally, the cost of the OLTCfitted transformer was compared with the network reinforcement cost (business as usual alternative for DNOs).
The results on a real UK LV network indicate that OLTCfitted transformers can significantly improve the PV hosting capacity. The occurrence of voltage problems according to the BS EN 50160 standard were shifted from 40% of PV penetration without OLTC to 60% in the case with busbar voltage regulation. This figure increases to 100% in the case with remote regulation. Results also highlight the possibility to make staged investments (i.e., remote voltage regulation is adopted at a later stage) in networks with progressive PV penetrations. The investment analysis also suggests that for smaller PV penetrations (up to 60%) traditional reinforcement is more cost-effective than the OLTC-fitted transformer under the current OLTC prices in the UK.
